Tsukushi (TSK) is a small signaling molecule which takes part in different developmental processes of multiple vertebrate organisms. The diverse activity of TSK depends on its ability to bind various intermediate molecules from different major signaling pathways. Interactions of TSK with BMP, FGF, TGF-β and Wnt pathways have already been confirmed. In this review, we will introduce the latest information regarding the involvement of TSK in developmental events. We suggest a fine tuning role for TSK in multiple signaling cascades. Also, we recommend further studies on the developmental role of TSK to fully reveal its potential.
Introduction
Small soluble molecules play major role for the maintenance of cell-cell communication in multicellular organisms. They carry vital information for the proper functioning of numerous biological processes in all phases of life -starting from early embryonic stages up to the apoptosis and all the growth phases and homeostasis in between. A successful communication between cells depends both on the production of signaling molecules from the sources and their reception at the target (Lim et al. 2015) . Although there are many signaling pathways functioning at any given time, Wnt, FGF, TGF-β and Shh are considered the major pathways. It is quite striking that similar signaling pathways tend to govern the similar processes in different organisms, although some organisms have bias to the subtype of signaling molecules employed (Muller and Schier 2011; Muller et al. 2013) . Numerous signaling molecules and their cell surface receptors are contained within the extracellular space, where specific binding between them regulates a specific pathway. There are also some molecules which can interact with multiple signaling pathways owing to their ability to bind multiple receptors. For example, Cerebrus can interact with Wnt, Nodal and BMP (Piccolo et al. 1999) ; Coco interacts with Wnt, Xnrs and BMP (Bell et al. 2003) , while follistatin interacts with activin and BMP (Fainsod et al. 1997; Harrington et al. 2006) . Although these interactions are confirmed by several studies, their implications in the biological system are not fully revealed yet.
In this review, we will discuss about Tsukushi (TSK) protein, a signaling molecule which belongs to small leucine-rich proteoglycan family (SLRP) subclass IV (Iozzo and Schaefer 2015) . It was initially identified in the chick lens and the name 'Tsukushi' comes from its expression pattern in blastodermstage chick embryo which resembles a shoot of the horsetail plant (Equisetum), 'Tsukushi' in Japanese (Ohta et al. 2004) . TSK homologues have also been identified in vertebrates, like Xenopus, zebrafish, mouse and human; but not in any invertebrates. Since its first report on 2004, several studies have indicated its role as extracellular signal mediator contributing to various developmental events through its interactions with multiple signaling pathways (Ohta 2014) .
Previously reported functions of TSK TSK was first reported in 2004, when Ohta et al., described chicken TSK (C-TSK) as a BMP antagonist which is involved in the induction of primitive streak and Hensen's node (Ohta et al. 2004) . Later it was reported that C-TSK has two isoforms, C-TSKA (originally reported form) and C-TSKB, which play vital roles for the specification of cell fates during early chick development ). C-TSKA, having stronger BMP inhibitory effect, functions mainly at the anterior terminal point of primitive streak. During pre-streak phase, BMP is antagonized at posterior epiblast region through inductive effect of C-TSKA in cooperation with Chordin. The primitive streak development is stimulated by the interactions of both C-TSKA and C-TSKB with Vg1. At primitive streak stages, C-TSKA antagonizes BMP activity in the anterior part of the streak and C-TSKB promotes nodeinducing activity by interacting with Vg1. These studies confirmed the multiple direct binding of C-TSK with BMP4, BMP7, Chordin and Vg1 by immunoprecipitation assay (Ohta et al. 2004 . In vivo formation of the ternary complex by C-TSK, BMP4 and Chordin was also confirmed using chemical linking experiment (Ohta et al. 2004) . Kuriyama et al. reported the role of TSK in Xenopus for the specification of neural crest through its interaction with BMP and Notch pathways . The timing and distribution of Xenopus-TSK (X-TSK) expression at neural plate border closely resembles that of Xbmp4 and Xslug, a neural crest marker. X-TSK binds BMP4 and antagonizes BMP activity, an effect similar to that of C-TSK. Depletion of X-TSK reduces the expression of neural crest markers Sox9, Zic5 and Xslug, and impairs the neural crest formation. The X-TSK siRNA injection inhibited the expression of Hairy2A and Msx1, which identify the pre-neural crest region. Animal cap injection experiments confirmed that, X-TSK regulates the neural crest specification in cooperation with XWnt-8, which acts as a posteriorizing signal. X-TSK was also found to regulate Notch signaling pathway through its binding with Xdelta-1 and thereby indirectly modulate BMP4 transcription. The combination of all these experiments indicates that, X-TSK has a unique role in the molecular network for neural crest specification -more complex than what its BMP antagonizing function alone can explain. This study confirmed the binding of X-TSK with BMP4 and X-delta-1.
In the early Xenopus embryo, X-TSK activates Xnr2 signaling and inhibits FGF and BMP signaling, to exert the combined effect of inducing endoderm formation while inhibiting ventrolateral mesoderm formation (Morris et al. 2007 ). During late blastula and gastrula stages, X-TSK expression is coherent with its stated function -as X-TSK is expressed in the ectoderm, dorsal mesoderm and endoderm, and not in the ventral mesoderm. Both loss-of-function and overexpression experiments confirmed that, X-TSK upregulates endoderm markers (Sox17a and GATA4) and dorsal mesoderm organizer Gsc; and downregulates pan-mesoderm marker Xbra. This study confirmed the binding of X-TSK with FGF8b and Xnr2 by pulldown assay.
TSK was also reported to have important role for the retinal and peripheral eye development. TSK exerts this effect by direct binding with Fzd4 inhibiting Wnt2b activity (Ohta et al. 2011) . Wnt signaling has important role for the differentiation of peripheral eye structure and in the anterior parts of the eye Wnt signaling is mainly activated by Wnt2b (Cho and Cepko 2006) . TSK binding to Fzd4 was confirmed by immunoprecipitation experiment. Withdrawal of TSK signal results abnormal expansion of ciliary body in mice. Although BMP signaling has important role for ciliary body formation, the effect of TSK was not via BMP inhibition, because the TGF-β signaling was not hampered (Ohta et al. 2011) .
The role of TSK for the anterior commissure (AC) formation in mouse brain was reported by Ito et al. (2010) . Commissural formations convey neuronal information from one side of the nervous system to the other and guidance signals are required for the proper direction of the neuronal projections. The area of AC axons in TSK knockout mice was drastically reduced compared to that of WT mice. Furthermore, in the knockout mice the anterior part of the AC was never found to cross the midline. Although no molecular mechanism was established in the study, the importance of TSK signal for the AC formation was obvious. In a later study, Hossain et al. reported the axon guidance activity of TSK through the inhibition of anterior olfactory neuronal and cortical axons (Hossain et al. 2013) . In this study, TSK/ draxin doubly heterozygous mice was used where draxin was previously reported as an axon guidance molecule (Islam et al. 2009 ). The doubly heterozygous mice showed severely affected commissure formation compared to both the single gene mutants. TSK showed inhibitory effect on neurite outgrowth during in vitro cortical explant culture which suggests an axon guidance activity. Although TSK and draxin effects seemed combinatorial, TSK does not bind draxin or draxin receptor, DCC -as revealed by immunoprecipitation assays. Rather, TSK was found to bind another axon guidance molecule netrin, which shares the common receptor as draxin, DCC.
TSK was also found to be involved in the regulation of mouse hair cycle. Starting from embryonic stage E12, TSK was found to be expressed in the hair bulb, bulge cells and sebaceous gland (Niimori et al. 2012) . TSK expression was also found to merge with the hair follicular stem cells. In TSK knockout mice, the progression of the hair cycle was delayed and the expression of TGF-β1 and TGF-β2 was suppressed. This study confirmed that TSK binds directly to TGF-β1, and it is considered that TSK is involved in the regulation of hair cycle progression through TGF-β signaling. Wnt, BMP and Shh signals play essential role at different stages of hair cycle (Blanpain and Fuchs 2009) . TSK knockout mice showed altered expression pattern of selected molecules (Wnt5a, BMP2, Gil1 and PTCH1) at different stages indicating disturbed output from all these pathways.
More recently, TSK has been found to be involved in some other developmental processes, like somitogenesis in chicken, and wound healing and bone formation in mice. Now we will discuss briefly about these new reports.
TSK facilitates wound healing by TGF-β mediated controlling of macrophage function
Wound at the surface skin can be caused by a range of physical impact. Although the appearance of damage can be different, such as incision, crush and burn, the in vivo molecular reactions regulating wound healing are common. The wound healing in the epidermis proceeds along inflammatory phase, proliferative phase and remodeling maturation (Bielefeld et al. 2013; Eming et al. 2014) . At the onset, blood clotting factors such as platelets accumulate in the wounded part due to bleeding and hemostasis. These factors control bleeding and stabilize the wound by clot formation. Neutrophils and macrophages decontaminate the wound area by killing the bacteria and scavenging the foreign debris. Macrophages secrete various enzymes and cytokines including TGF-β, which induce the formation of granulation tissue (Ahamed et al. 2008) . Granulation tissue is then fibrillated with collagen reconstruction, cell rearrangement and angiogenesis. In the remodeling process, granulation tissue undergoes contraction and deposits collagen to form scar tissue (Mungunsukh and Day 2013; Hsu et al. 2014) .
TSK expression was observed in the macrophages of the wound site at 2 days post-wounding (dpw) and in the epidermis, neoepidermis and granulation tissue at 7 dpw (Niimori et al. 2014) . TSK knockout mice showed excess inflammation at the wound site, evident by the excess levels of TGF-β1, IL-6 and Stat3. In vitro cell induction assay on NIH3T3 cells showed that TSK inhibits myofibroblast differentiation while TGF-β1 induces this process. These results suggest that TSK works as a modulator in the wound healing process via TGF-β inhibition and is involved in maintaining signal transduction via cytokine expression. A model for TSK function during wound healing is proposed in Fig. 1 .
TSK depends on notch signaling and influences somitogenesis in chicken
Somitogenesis is a crucial event for all vertebrates that ultimately gives rise to vertebrae, skeletal muscles and some dermis. Somites, the unit paired block of paraxial mesoderm, evolve bilaterally and symmetrically along the anteroposterior body axis from the paraxial or presomitic mesoderm (PSM) (Maroto et al. 2012 ). Many molecular oscillators, segmentation clock and the gradients of signaling molecules play roles to develop the somites within the PSM (Aulehla and Pourquie 2006) . Failure of coordination between these factors may result defective skeletal structure and other developmental disorders (Turnpenny 2008) . The periodic wave of molecular oscillation driven by Notch, Wnt and FGF signaling pathways maintains the order of the somites formation (Gibb et al. 2010) .
C-TSK can be detected as early as Hamburger and Hamilton stage 7 (HH7). During this stage C-TSK is detected in both newly formed first pair of somites located on either side of the neural tube (Acharjee et al. 2015) . A gradient of the signals has been observed at HH15 where anterior unsegmented PSM shows the strongest. Caudal half of forming somite shows weak signal that subsequently increases along the unsegmented PSM and the newly formed somite shows gradient of relatively weaker signals (Fig. 2) . In addition to the somites and PSM, C-TSK expression is extended in leg bud and wings at later developmental stages (HH18 and HH23). The comparative expression pattern analysis between C-TSK and chairy1, c-Notch1 and c-Delta1 demonstrate the oscillatory behavior of C-TSK during somitogenesis. c-hairy1, a Notch Fig. 1 TSK is involved in wound healing. Cellular proliferation in wound skin and blood vessels are activated by cytokines, PDGF, TGF-β, FGF and EGF. TGF-β is secreted from platelets and macrophages and activate proliferation of fibroblasts and blood vessels. TSK binds TGF-β directly and modulate TGF-β activity signaling pathway dependent molecule, is expressed in a gradient fashion during one cycle of somitogenesis. The gradient is an oscillation of strong signals from the caudal most part of PSM to weaker signals anteriorly. As the development of somites proceeds from the PSM, signal in the caudal most part of matured somites abolishes at the end. In comparison, strong expression of C-TSK is observed at the caudal end of the newly forming somites, which gradually decreases while developing into mature somites at the anterior part. c-Notch1 is expressesd weakly compared to C-TSK on the caudal region of newly formed somite and shows gradient of signals on the developing somite which strongly expanded towards the unsegmented PSM. At the end of a somite formation c-Notch1 has been expressed strongly to the anterior-posterior direction and extended beyond the PSM. In contrast C-TSK shows discrete patterns of signaling bands along the anterior-posterior direction. At the end of a complete cycle of somitogenesis C-TSK expression has not been seen at all in the newly formed somite. During a mature somite development both C-TSK and c-Delta1 are strongly expressed in the anterior PSM. However, c-Delta1 does not show any wavy expression pattern throughout the somitogenesis.
The pharmacological inhibition by DAPT at HH14 stage of unsegmented PSM indicates that Notch signaling is necessary for C-TSK. In situ hybridization of explant cultures shows the retention of C-TSK positive signal without somite formation and a signal gradient is observed as a downregulated express ion pattern towards the caudal end of each explant. From these analyses we conclude that, C-TSK expression is an intrinsic attribute of the unsegmented PSM and during somitogenensis, C-TSK acts as a molecular oscillator which is dependent on the Notch signaling pathway (Acharjee et al. 2015) .
TSK regulates the chondrogenesis process during bone growth in mice
Vertebrate skeleton is mostly formed by endochondral ossification. This process starts with the condensation of mesenchymal progenitor cells which forms chondrocytes. The chondrocytes proliferate and mature to form hypertrophic chondrocytes, which direct mineralization and attract blood vessels, resulting in the ultimate replacement of chondrocytes with bone (Kronenberg 2003; Long and Ornitz 2013) . The whole process is regulated by multiple signaling pathways, like FGFs, BMPs, Shh and Wnts (Kozhemyakina et al. 2015) .
The role of TSK in bone growth has been recently reported by Yano et al. (2017) . They showed that TSK is necessary for the skeletal development of mouse and the loss of TSK results decreased weight and short stature primarily because of reduced growth of long bones (Yano et al. 2017) . Sagital sections of femurs showed TSK expression in almost all regions of bone from juvenile mice. However, the columnar array of chondrocytes was found to be disturbed in TSK knockout mice. The growth plate thickness was also significantly reduced in the knockout mice which is associated with the reduction of both proliferating and hypertrophic zones. The growth plate cells in knockout mice were found to exhibit lower expression of Sox9 and Runx2, while higher expression Col10a1 and Mmp13. Sox9 and Runx2 have major role in chondrogenesis, and Col10a1 and Mmp13 are mid-to-late chondrogenesis markers (Stricker et al. 2002; Zimmermann et al. 2008; Hattori et al. 2010) . Altered expression pattern of these markers might accelerate the differentiation of chondrocytes to the late stages of endochondral ossification resulting in reduced number of total chondrocytes and premature ossification. The major signaling pathways for the regulation of these markers are Wnt, BMP, FGF, TGF-β and Notch (Zamurovic et al. 2004; Mirzamohammadi et al. 2016) . Considering the ability of TSK to interact with all these pathways, TSK presumably interacts with one or more of these pathways to regulate chondrogenesis and later stages of endochondral ossification, and the withdrawal of TSK alters the signaling equilibrium to disturb the whole process. The effect of TSK on these marker expressions was also confirmed by TSK-siRNA transfected ATDC5 cell line -an in vitro model for studying chondrogenesis. Altogether these data suggest that TSK is necessary for the proper bone formation, and the absence of TSK compromise the development.
Conclusion
Several studies have confirmed the interactions of TSK with different signaling pathways, either by direct binding or via some intermediate molecules. These interactions mostly inhibit the signal outputs with a few instances where the outputs are enhanced. Developmental events in multiple model organisms have been reported to be affected by TSK. It is also noteworthy that the knockdown or overexpression of TSK is not lethal, which leads to the speculation that TSK has a fine tuning role for the maintenance of signal outputs from multiple pathways. We have summarized the TSK interactions in the development of different organisms in Table 1 . TSK is a remarkable signaling protein considering its ability to interact with almost all the major signaling pathways. Since the combination of these signaling pathways govern many developmental events, we assume that TSK has a broader range of activity then what is revealed until now. We recommend further study on the involvement of TSK in different developmental processes to gain more insights and to find out the causes behind many developmental disorders. 
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